The evolution of integrated circuits into the ultralarge scale integrated regime takes today's 0.35 m circuit design rules to even smaller values of 0.18 m and beyond. As a consequence, photoresist masks are becoming thinner and even more prone to erosion by etching. For this work an I-line novolak resist was used. Etch rates for various process conditions using in situ ellipsometry were obtained. Also the fluorocarbon surface layer, present on top of the photoresist during steady state etching was examined with x-ray photoelectron spectroscopy. The investigated pressure range was 6 to 20 mTorr and the inductive power range was 300 to 1400 W. It was found that there are two distinct regimes of etching behavior. At inductive powers below 600 W the etching is energy flux limited, at higher inductive powers the etching is ion energy limited.
I. INTRODUCTION
As integrated circuit feature sizes continue to shrink, the lithography requirements become much more demanding. A consequence of this is photoresists that are thinner and inherently less resistant to erosion by the etching processes. Simultaneously, the selectivity ͑of SiO 2 to photoresist͒ needs to increase owing to novel structures designs, approaching 10:1 in some instances. To be able to design an etching process and improve the etching resistivity of resist materials that will meet this requirement, it is important to understand the mechanisms which control the resist erosion, in particular in low pressure, high density plasmas. The etching of this amorphous organic compound is at this point not well understood. Therefore a detailed study of the etching behavior and post plasma surface analysis in dependence on inductive power, pressure, biasing power and self biasing was carried out.
II. EXPERIMENT
For this work, an inductively coupled plasma tool ͑ICP͒ was used similar to the apparatus described by Keller et al. 1 A planar induction coil, supplied with 0-2000 W rf power at 13.56 MHz, generates the plasma through a 16 mm thick quartz window. The wafer is mounted on an electrostatic chuck which is cooled to a temperature of 10°C. A pressure of 5 Torr of helium is applied to the back of the wafer in order to achieve a good thermal contact. The distance between wafer and induction coil is 7 cm. For the present experiments, we used CHF 3 plasmas generated using 300 to 1400 W inductive power in the pressure range of 6 to 20 mTorr at a constant gas flow of 40 sccm. Independent rf biasing power was applied to the electrostatic chuck at 3.4 MHz. This rf bias power determines the self bias voltage which is present over the sheath region above the wafer and which largely determines the ion energy. The ion energy is the charge of the ion multiplied by the potential difference between plasma and wafer, which is the plasma potential ͓around 20 V ͑Ref. 2͔͒ plus the self bias voltage. The relation between the rf bias power and the corresponding self bias voltage for certain plasma conditions has been established with two different methods. The first of these is by direct measurement of the wafer potential with a voltage probe attached to the wafer surface described by Rueger et al.; 3 the second by measuring the ion current density above the wafer with a Langmuir probe.
Assuming that all the power of the rf biasing is going into the acceleration of the ions in the sheath region towards the wafer, the self bias voltage can be expressed by
where V dc is the self bias voltage, P the rf bias power, ICD the ion current density and A the area of the wafer. The calculated self bias voltages using the ion current densities agree well with the direct measurements of the self bias voltages using a wafer probe. Figure 1 shows the ion current densities for the plasma conditions used for the experiments presented in this article. The I-line novolak resist material was supplied by SEMATECH. Before each resist etching experiment the process chamber was cleaned with an oxygen plasma. The etch rates were obtained using in situ ellipsometry. In some experiments the resist etching was performed for at least 1 min, the process was then stopped for x-ray photoelectron spectroscopy ͑XPS͒ analysis. The process was stopped by first switching off the inductive power and within approximately 0.5 s the rf bias power. Then the samples of size 2.5ϫ2.5 cm a͒ Electronic mail: oehrlein@cnsibm.albany.edu were transferred to the XPS analysis chamber. The scanned energy regions for XPS analysis were C(1s), F(2s), F(1s) and O(1s) under 15°and 90°with respect to the surface. The pressure in the XPS analysis chamber was (9Ϯ2) ϫ10 Ϫ9 mbar. It was observed that a delay of the XPS experiments of less than an hour would lead to a significant change in the results. Therefore, all these experiments were performed carefully in a consistent manner.
III. RESULTS AND DISCUSSION

A. Resist etch rates
An important observation is the time dependent behavior of the photoresist etch rate, and is shown in Fig. 2 . All controllable parameters for this experiment were kept constant, except the rf bias power as indicated in the figure. The arrows indicate the time when the rf bias power was changed to a new value. The etch rate drops initially over a time interval of about 500 s. After this the etch rate is stable. The change in resist etch rate with time can be explained by a change of the chamber wall conditions and the corresponding change in plasma chemistry 4 and/or an alteration of the resist material by the plasma radiation or chemistry. The duration of the following experiments was such that the time dependent change of the etch rate is negligible.
To get an overview of the etch rate behavior, we started out varying the rf bias power while keeping the other parameters constant. We did this at a pressure of 6 mTorr for inductive powers of 400, 600 and 1400 W and at 20 mTorr using 400, 1000 and 1400 W. The flow rate in these experiments was 40 sccm. The results are shown in Figs. 3͑a͒ and 3͑b͒ and Figs. 4͑a͒ and 4͑b͒, where the rf bias power has also been converted into self bias voltage.
An interesting observation here is in the etch rate behavior with respect to the self bias voltage. At 6 mTorr pressure we see that the etch rates for 600 and 1400 W are the same at the same self bias voltage whereas the etch rate at 400 W is lower. At 20 mTorr we can see a similar behavior, but for different values of inductive powers. Here we get coinciding etch rate curves for 1000 and 1400 W inductive power, but at 600 W the etch rate is much lower.
A comparison of the etch rate at pressures of 6 and 20 mTorr is shown in Figs. 5͑a͒ to 5͑d͒. Again the etch rate is plotted versus rf bias power as well as self bias voltage. In 5͑a͒ where the data are plotted versus rf bias power, we see that for 600 W the etch rates of both pressures are very close, especially for bias powers well in the etching regime. When plotted versus self bias voltage ͓Fig. 5͑c͔͒ the etch rates at higher self bias voltages are quite different, but at the transition from deposition to etching both curves coincide. The etching at both pressures starts at the same self bias voltage.
This observation seems to indicate that for 600 W inductive power, the onset of the etching is determined by the self bias voltage and therefore a well defined ion energy. For higher values of the self bias voltage, the total energy flux seems to be a limiting factor of the etch rate so that we measure the same etch rate for both pressures at the same rf bias power. Figure 5͑b͒ shows that at 1400 W the rf bias power does not seem to limit the etch rate, but the onset of etching is still determined by the self bias voltage ͓see Fig.  5͑d͔͒ .
Since the etch rate at a fixed self bias voltage above a certain inductive power seems to be independent of the inductive power ͓Figs. 3͑b͒ and 4͑b͔͒, we measured the etch rate at a constant self bias voltage, varying the inductive power. In Fig. 6 we see the results for two different self bias voltages, 50 and 80 V at three different pressures 6, 15 and 20 mTorr. It can be seen that the etch rate levels out for higher ion currents. Even a change in pressure does not change significantly the etch rate at higher ion currents for the two given voltages. At lower ion currents the lower pressure yields a higher etch rate. 
B. Correlation between resist and fluorocarbon etching
A correlation between the resist etch rate and the etch rate of a passively deposited fluorocarbon layer was observed in the following experiments. Initially, a fluorocarbon film was deposited without applying an rf bias power. After a sufficiently large CF x layer was grown, the rf bias power was applied, and the CF x etch rate was measured followed by the resist etch rate, once the fluorocarbon film was removed. This experiment was repeated for each rf bias power investigated. The obtained results for 1400 W inductive power and 6 mTorr pressure are shown in Figs. 7͑a͒ and 7͑b͒. We observe that the etch rates of the passively deposited CF x and the etch rates of the resist are proportional to each other.
C. X-ray photoelectron spectroscopy surface analysis
XPS analysis of the resist surface during etching was performed in order to study properties of the CF x steady state etching layer on top of the resist as a function of various etching conditions. Unfortunately, the resist itself contains carbon, so that the total carbon signal is the sum of the signals coming from the CF x and from the underlying resist. The CF x layer is too thin to neglect the contribution from the resist. Since the resist does not contain fluorine, we know the origin of the C-F x bond signals and we can use these to make statements about the composition of the CF x layer.
The resist also contains oxygen which we can use to determine the thickness of the CF x layer by comparing the intensities emitted under 15°and 90°with respect to the surface using the method outlined by Briggs and Seah.
5 Figures 8͑a͒ and 8͑b͒ show the thickness of the CF x layer at 6 mTorr for 400, 600 and 1400 W inductive power with respect to rf bias power and self bias voltage. We see that the thickness decreases with self bias voltage as well as with Figures 9͑a͒ and 9͑b͒ show thicknesses obtained at 20 mTorr at 600 and 1400 W inductive power. Here we see the same trend. It is interesting to notice that here the thickness seems to be determined by the rf bias power and therefore by the total energy flux, as shown in Fig. 9͑a͒ , independently of the inductive power. Also in Fig. 8͑a͒ for the curves of 400 and 600 W inductive power the rf bias power seems to be the determining factor of the thickness.
In Figs. 10͑a͒ to 10͑d͒ a comparison of thicknesses of CF x layers processed under the two pressures 6 and 20 mTorr is shown. For 600 W, we see that at the lower pressure we find lower thicknesses, whether plotted versus rf bias power ͓Fig. 10͑a͔͒ or self bias voltage ͓Fig. 10͑c͔͒. For the rf bias powers above 60 W, the film thicknesses for both pressures appear to be very close ͓Fig. 10͑a͔͒. At the high inductive power 1400 W the behavior is reversed. Here we get the higher thicknesses for the lower pressure 6 mTorr. How does this changing behavior of the CF x film thicknesses as a function of inductive power, correlate to the etch rates at these conditions? The corresponding etch rate graphs were already shown in Fig. 5 . When we compare each etch rate graph with the corresponding thickness graph, we find at 600 W inductive power when plotted versus rf bias power: ͑1͒ A thinner film is seen at 6 mTorr ͓Fig. 10͑a͔͒ at the onset of etching at around 30 W ͓Fig. 5͑a͔͒. However, the etch rate is lower. ͑2͒ At higher rf bias powers, the etch rates are almost identical and also the CF x thicknesses at both pressures are very close. This means that for higher rf bias powers, we get the same etch rate and the same film thickness at the same rf bias power. As we discussed earlier, the etching in this regime appears to be energy flux limited. Our data can be interpreted in that the energy flux limitation is correlated with the thickness of the CF x top layer which needs to be removed to enable more effective etching of the resist. This is also consistent with the results shown in the two curves at 1400 W versus rf bias power ͓Figs. 5͑b͒ and 10͑b͔͒. We find here that the higher CF x film thickness at 6 mTorr corresponds to a lower etch rate which is the expected behavior.
By plotting the data versus self bias voltage, Figs. 5͑c͒ and 10͑c͒ are obtained. Here thinner film corresponds to a higher etch rate for 1400 W as well as for 600 W. As mentioned earlier the thickness difference between 6 and 20 mTorr at 600 W is reversed for 1400 W. At 600 W and 6 mTorr the CF x film is thinner than the one at higher pressure and at 1400 W the opposite is the case. This corresponds to the same change of the etch rate difference when going from 600 to 100 W. At 600 W and 6 mTorr the etch rate is higher than for 20 mTorr and at 1400 W the opposite is the case. This indicates that there is an important correlation between the formation of the steady state etching CF x film, and the etch rate. Figure 11 shows some typical carbon 1s spectra for two different bias powers processed at 1400 W inductive power and 6 mTorr pressure. By fitting these spectra with a combi- FIG. 11 . Carbon spectra of resist samples processed at 1400 W inductive power, 6 mTorr pressure at rf bias powers of ͑a͒ 100 W and ͑b͒ 250 W. The spectra were obtained at an angle of 15°with respect to the surface.
FIG. 12. Ratio of C-F bonds among all fluorine bonds in the steady state etching layer ͑a͒ at 6 mTorr for 400, 600 and 1400 W inductive power vs rf bias power, ͑b͒ at 20 mTorr for 600 and 1400 W inductive power vs rf bias power, ͑c͒ at 6 mTorr for 400, 600 and 1400 W inductive power vs self bias voltage, and ͑d͒ at 20 mTorr for 600 and 1400 W inductive power self bias voltage. nation of Gaussian curves, the relative ratios of the corresponding bonds can be determined. The carbon spectrum contains four peaks according to the four types of bonds that are possible in a pure CF x layer, the C-C, C-F, C-F 2 and the C-F 3 bonds. As already mentioned earlier we can only make use of the C-F x bonds, since the resist contributes to the other signals with its C-C bonds. In addition, C-H bonds that exist in the resist contribute to the C-C peak since their binding energies are practically undistinguishable. All the C-F x peaks must come from the CF x layer since the resist does not contain fluorine. Using the peaks arising from a carbon atom with at least one fluorine bond, the relative occurrence of C-F bonds among all the C-F x bonds were calculated. This was done with the carbon 1s signals obtained at a detector angle of 15°with respect to the sample surface. The results are shown in Figs. 12͑a͒ to 12͑d͒ . Again we can compare the results plotted against rf bias power with the plots where the results are shown versus self bias voltage. By doing so we find that the ratio of C-F bonds is a function that is more directly connected with the self bias voltage than the rf bias power. We see that with increasing self bias voltage the CF x film contains a higher amount of C-F bonds. This is to be expected since a higher ion energy introduces a higher damage to the surface, and the ions will on average experience a greater fragmentation. 6 By increasing the inductive power at the same self bias voltage, the amount of C-F bonds can be further increased. This behavior is common for both pressures 6 and 20 mTorr. A higher relative amount of C-F bonds means that the film becomes less fluorinated and therefore harder to etch, since fluorine is the important etch precursor. Since our goal is to minimize the erosion of photoresist a less fluorinated C-F x layer is desirable. We also want to maximize the thickness of the CF x layer since this ultimately controls the etch rate of the underlying resist and a thicker film is a better protection against erosion. As can be seen from the graph the least fluorinated film ͓highest C-F bond ratio, Figs. 12͑c͒ and 12͑d͔͒ is achieved at the highest self bias voltage with the highest inductive power. Unfortunately, this process direction also leads to the thinnest films ͓Figs. 8͑b͒ and 9͑b͔͒. This indicates that ion bombardment energy control alone may be insufficient to control resist erosion.
IV. ETCHING MODEL
From the etching behavior we can distinguish two regimes of etching. At low inductive powers the etch rate is energy flux limited and the rf bias power is the limiting factor ͓Fig. 5͑a͔͒. At high inductive powers above a ''critical ion flux,'' the etching is independent of the inductive power at fixed self bias voltage and determined by this self bias voltage ͓Figs. 3͑b͒ and 4͑b͔͒ and the neutral density as discussed below. Since with increasing inductive power at fixed self bias voltage the ion current density and therefore the total energy flux to the wafer surface increases, it is clear that in this regime it is not the energy that controls the etching process. However, an increase in self bias voltage and therefore the maximum ion energy does increase the etch rate, so we conclude that the greater ion fragmentation 6 upon impact, and the greater penetration depth of the ions, at higher ion energies are responsible for the increase in etch rate. The independence of the etch rate from the ion current density can be explained when taking the atomic fluorine density in the plasma into consideration. Fluorine is an important etch precursor and the etch rate should always depend on the atomic fluorine density to which the surface is exposed. We observed small fluorocarbon layer thicknesses on the resist ͑Ͻ1 nm͒, which decrease with increasing inductive power and increasing self bias voltage. For high inductive power and self bias voltage, these films are not present. Therefore, above the critical ion flux, the fluorine density to which the resist surface is exposed, is equal to the fluorine density in the gas phase. Argon actinometry was performed to investigate the fluorine densities present during the etch process. Figure 13 shows the F/Ar ratios from optical emission spectra versus inductive power and ion current density. The fluorine density saturates as the inductive power increases above roughly 1000 W. In the case of CHF 3 , hydrogen scavenging of fluorine can prevent a linear increase of the fluorine density with inductive power. This behavior of the fluorine density is similar to the observed etch rates of the resist shown in Fig. 6 .
It is concluded that the etch mechanism for ion fluxes above the critical ion flux is an ion enhanced neutral etching and depends on the atomic fluorine density. Observation of the etch rate being independent from the ion current density ͑inductive power͒, is only possible when at the same time the atomic fluorine density is also independent of the ion current density ͑inductive power͒. Figure 14 shows a schematic picture of the processes in the two different regimes.
V. CONCLUSIONS
To find an optimum process one has to keep in mind that a high selectivity must be achieved. Therefore while minimizing the resist erosion, the etch rate of the SiO 2 has to remain high. When considering conditions under which the resist erosion can be minimized the etching behavior of the SiO 2 has to be taken into account and cannot be treated separately. It can be very helpful to use the presented etching model and the correlations found between etch rate, rf bias power, self bias voltage, CF x film thickness, etc. in such considerations when comparing them to the corresponding behavior of other materials. For instance, the SiO 2 etch rate is directly proportional to the ion current and proportional to the square root of the ion energy. 7 This different dependence can be used to maximize the SiO 2 /resist etch rate ratio.
This study reveals some insights into the behavior of a number of properties that are related to the erosion of photoresist. There still remain many unanswered questions that need to be addressed for a good understanding of the complex mechanisms and factors that determine resist loss. How does temperature change the resist behavior during etching? Does the plasma radiation alter the photoresist? How is the etching of CF x related to the etching of resist? What are the detailed mechanistic roles of neutrals and ions in the etching of resist? These questions will be addressed in future work.
